A new and comprehensive dielectric tensor characterization instrument is presented for characterization of magneto-optical recording media and non-magnetic thin films. Random and systematic errors of the system are studied. A series of ThFe, ThFeCo, and Co/Pt samples with different composition and thicknesses are characterized for their optical and magneto-optical properties. The optical properties of several non-magnetic films are also measured.
Since the film is believed to be structurally isotropic, we shall assume c = c,, = c. In general, the elements of the tensor are complex. Thus c, (the diagonal element), describes the optical properties of the film in the absence of the magneto-optical effects according to the following relation \Ic= n+ik .
The off-diagonal element c is responsible for the magneto-optical Kerr and Faraday effects. Assuming that the Kerr rotation angle O and ellipticity Ek are small, and light is at normal incidence on thick film with no overcoating, the relation between O, €k, and e can be written as
k k
This relationship indicates that the magneto-optical Kerr effect is proportional to the off-diagonal element e.
Measurement of the dielectric tensor consists of measuring the complex reflection coefficients of the sample and fitting the parameters into the multilayer analysis program. Figure 1 shows the experimental setup,'2 called variable-angle magneto-optic ellipsometer (VAMOE). The incident angle A varies from 300 to 88°. The HeNe laser beam (X = 632.8 am) passes through a polarizer and a quarter-wave plate whose fast axis is at 45° to the transmission axis of the polarizer; The polarizer helps to clean the laser beam to be linearly-polarized, and the quarter-wave plate makes the light to become circularly polarized at output. The polarizing beam splitter (PBS) divides the beam into two parts, sending one onto the monitor detector for laser power calibration. The other half passes through the PBS and is focused onto the sample. The PBS sits on a rotating mount and can polarize the incident beam at angle f. with the plane of reference. Of those angles, the directions of p (parallel), s (perpendicular), and 45° are the ones used. The circularized light before the PBS keeps the light power incident on the sample constant for any 13 angle, which lets us use a constant gain for detecting circuitry. The electro-magnet behind the sample applies a magnetic field with the strength of kOe.
Experimental Setup
After reflecting from the sample, the beam passes through another quarter-wave plate, whose fast axis is at = 45°to the reference plane. The beam then goes through a Wollaston prism and is finally detected by two detectors. The Wollaston prism and the photodetectors sit on a rotation stage whose axis is aligned with the beam. This rotation stage allows the axis of the Wollaston to be set at angle relative to the reference plane; i = 0°and 450 are used in this experiment. The two photodetectors are identical, and their conversion factor, defmed as the ratio of the output voltage to the input light intensity is a. We will denote the individual detector output by S and 2' their sum by o, and their difference, which appears at the output of the differential amplifier, by S.
To normalize the measurement results we must know the effective light amplitude that goes through the system. This can be measured by removing the sample and setting the incident angle A =900. If the effective light SPIE Vol. 1663 Optical Data Storage(1992)/265 amplitude is denoted C, the sum of the signals S1 and S2 will be given by a = aC2
In the following discussion we will assume that the results are normalized by o.
As for the discussion of the measurement technique, let us define the notation. The linearly polarized incident light with polarization direction in the plane of incidence (also the plane of reference) is the p light, while the light polarized perpendicular to this plane is the s light. For p incident light, the ordinary reflected amplitude and phase are defined as r and , respectively. Similarly for s incident light, the ordinary reflected amplitude and phase are r, and 4. For magneto-optical samples the p (or s) incident light not only causes ordinary reflection in p (or s) direction but also induces a magneto-optical component in the s (or p) direction. We denote the amplitude and phase of this magneto-optical reflection coefficient by r1 and , respectively.
When the sample is placed in the system, the signals S1 and S2 will in general depend on r, , r, ,r 1 and 4 as well as on , and . Then, the sum and difference signals between S1 and S2 are derive&2 Seven different experimental set-ups are used to fully characterize the sample. They are combinations of different angles of f3 and , while keeping = 45°. The seven curves with the setting specifications are listed at Table I. For measuring the dielectric tensor, these seven different combinations of reflection coefficients versus the incident angle A are measured. Of these, three curves are optical reflectivities, which are independent of magnetic states of the samples, and are obtained with the magnet turned off, while the other four curves are measured with the sample saturated by the magnetic field and are called magneto-optic reflectivity curves. For non-magnetic materials, all the M-O reflection coefficients are zero and only the first three curves are measured.
After measuring these seven curves, a multilayer analysis program'4 is used to analyze the data and estimate the dielectric tensor of the film. This analysis program can deal with multilayer structures containing an arbitrary number of dielectric, metal and magnetic layers. An algorithm based on 2 x 2 matrices is used for the reflection calculation. In this calculation, the incident beam is assumed to be plane monochromatic with arbitrary angle of incidence. There are no approximations involved and the results are direct consequences of Maxwell's equations. 
Error Analysis
There are basically two types of error, random and systematic, in this dielectric tensor characterization system. Random errors come from the vibration of the system, fluctuations of the laser power, the random noise in the circuitry and the numerical errors of the multilayer analysis program. Since the individual analysis of them is complicated, we choose to experimentally measure their combined effect.
The random error in the VAMOE system is expressed in the random fluctuation of the measured data. The effect of this error could be different for different types of samples, due to their different shapes of reflectivity curves. To a good estimation, we measured three typical samples. A piece of glass (microscope-slide) which has only n value (k is so close to zero, that its measurement is below the resolution of this system) is typical for dielectric materials. A Co/Pd multilayered thin film with thickness of 165 A is used as a typical sample for the superlattice materials. A ThFe sample (with overcoating) is typical for the RE-TM materials. Figure 2 shows the measured reflectivity curves for four independent measurements of the glass sample. The back of the microscope-slide was ground and blackened by ink, in order to reduce reflection from the back surface. As can be seen in Fig. 2 , the four independent measurements are coincide with each other. Table II lists the matched n values for each measurement. The data matching error (DME) in this and later tables is the average percent deviation for each data point between the measured data and the calculated data from the multilayer analysis program by using matched parameter(s). The matching error is less than 3 % and the standard deviation of the four results is 0.5%. Figure 3 is the corresponding three independent measurements for a Co(2A)/Pd(9A) sample. This sample is sputtered on glass at 7 mtorr of Kr gas, and the total thickness is 165 A. There is no overcoating. The M-O reflectivity curves have larger difference among the three independent measurements than the curves 1 to 3, which is due to the much smaller signal for these M-O data. Table III is the corresponding results for the Co/Pd sample. The results in the parenthesis (also in the later tables) are measured by our variable wavelength Kerr rotation angle and ellipticity measuring system called magneto-optic Kerr spectrometer (MOKS).5' 6 MOKS measures the Kerr rotation angle and ellipticity using a different method from that of the VAMOE system. From the measurements for the three typical samples, we can see that the data matching error is less than 5% and the random error is within the range of tolerance. The slightly larger DME for the ThFe sample is due to its higher complexity with overcoating. The random errors for the Kerr rotation angle, ellipticity and reflectivity are much smaller, which indicates their less sensitivity to fluctuation. The smaller random error for the off-diagonal element of the ThFe sample is due to its much larger magneto-optical reflectivity.
There are at least five possible systematic error sources in the system. One is the incident angle error. We measured this angle by the top view pictures, taken by a camera, for angles from 26° to 90° (with one degree increment). After this, the error on the angle measurements, or the error on the mechanical movements on the rail will be random and they fall into the category of the random error analysis discussed above. The second error source is the gains in the two signal channels and the differential channel of the amplifier circuit. The circuit has been stabilized and calibration was done to wipe out any sizable systematic error on this part. The other three error sources are the accuracy of the polarizer angle for the incident beam, the accuracy of the quarterwave plate angle and the accuracy on the angle readings of the detector box. To study the possible effect of the three remaining systematic error sources, we measured the dielectric tensor with the polarizer, quarterwave plate and detector module deviated offthe given angle, respectively, for the same Co/Pd sample which was used for the random error analysis. Figure 5 shows the measured reflection curves for the polarizer at normal position, off +2°and off -2° positions. The same measurements for the quarterwave plate and detector module are shown in Figs. 6 and 7, respectively. The calculated variation on the dielectric tensor, Kerr rotation, ellipticity and reflectivity for these systematic angle changes are listed in Table V , VI, and VII.
The variation on the measured results for the polarizer 2° off is small and even within the random error range. Since the accuracy of the polarizer angle is better than that, it will cause no systematic error problem. The variation on the measured results for the quarterwave plate 2° off is much larger and more attention needs to be paid for the accuracy of this angle. The resolution of this angle is about 0.25° and an accuracy of less than 1° can be achieved. This could make the possible systematic error much smaller. The variation on the results for the detector box angle off is between the above two cases. The accuracy of this angle is about 1° and the systematic error should therefore be under control.
Another way to check the systematic error is to compare the measured Kerr rotation angle, ellipticity and reflectivity with other established characterization system, like the MOKS system. The good agreement on the Kerr rotation, ellipticity and reflectivity measurements between these two systems (see Tables III and IV ) also indicates that the systematic error in this VAMOE system is insignificant.
ifi. DIELECTRIC TENSOR FOR TbFe AND Co/Pt SAMPLES Dielectric tensor characterization for the M-O samples is important for both understanding and application of these materials. Thickness dependence of the dielectric tensor for Co/Pd superlattice multilayered film has been studied in our previous paper,'6 and we found that both diagonal and off-diagonal elements of the tensor are more or less constant for film thicknesses greater than 150 A. In the same paper, we also have studied the composition dependence of the dielectric tensor for both Co/Pt and Co/Pd multilayered films. The enhancement of the offdiagonal element for the multilayered samples over diluted pure cobalt explains the larger M-O Kerr effect for these multilayered samples. In this section, we first present the dielectric tensor measurement for several ThFe and ThFeCo samples with different compositions. Then, more measurements for Co/Pt samples are presented, which extends both the thickness and composition range of the samples for study.
For these ThFe and ThFeCo samples, they all have overcoating, and are with glass substrate. Their hysteresis loops are square. The detailed structural and magnetic data for all the ThFe and ThFeCo samples are listed in Table VIII . Figure 8 shows a typical measurement of the seven reflection curves along with the calculated curves from the matched dielectric tensor values, for sample TB6. The matching between the experimental and calculated reflectivity curves is excellent. All of the data matching errors are less than 6 % ,as listed in Table VIII. The DME decreases with larger reflectivity value which has better signal-to-noise ratio. The slightly larger difference on the Kerr rotation, ellipticity and reflectivity between the VAMOE and MOKS systems for ThFe and ThFeCo samples than that of the superlattice samples is caused by the higher complexity of the former types of sample. One notices that as ThFe sample changes from the Th-rich (sample TF6) to Fe-rich (the rest), the offdiagonal element changes sign as well as the Kerr rotation.
Table Vilil lists all the structural and magnetic data for the Co/Pt samples studied here. There is no overcoating for any of them and their hysteresis loops are all square. (They are deposited on glass substrate.) Figure 9 shows a typical measurement for sample COPT3. The typical data for a Co/Pd sample has been shown in the previous error analysis section.
lv. OPTICAL MEASUREMENTS FOR NON-MAGNETIC SAMPLES
The VAMOE system developed for M-O media can also be used to measure the optical properties for various non-magnetic films. Since M-O data storage application also involves the characterizations for the substrate, overcoating and reflecting layer materials, it is useful that this system is able to perform this characterization. In this section, we present the optical refractive index n, absorption coefficient k and film thickness measurements for some non-magnetic materials.
Figures 10 to 13 show the measured reflection coefficient curves as a function of the incident angle for a glass substrate, a dielectric thin film, a sol-gel thin film and an organic polymer film. Table X lists Table XI . The typical reflection coefficient curves for each kind are shown in Figs. 14 to 19. The matching between the experimentally measured curves and those computer calculated from the estimated optical constants is quite good. All the DME are less than 3 % . Also in this table, we cited the n, k values for Al, Cu and Pt from handbook. '7 V. SUMMARY In summary, we have constructed a new and comprehensive dielectric tensor characterization system, both for magneto-optical and non-magnetic thin films, at X =632.8 nm. The random and systematic error analysis of 
